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NLCA RM No. LAK12 RESTRICTED ,{:_',»-

NATIONAL ADVISORY COMMITTEE FOR ARRONAUTICS

RESEARCH MEMORANDUM

A METHOD FOI PREDICTING THE STABILITY DT ROLL OF AUTOMATICAILY

COIFIROLIED ATRCRATY BACED ON T EXPELIMENTAL DETEEMITATION
OF T CHARACITRISUICS OF AN AUTOMATIC rITOT

B:; Robhert T. Jonos and Leonard Sreanfield
SUMMARY

A rothod 1s surgested Jor pra&icting
mati cally conlrolled sircrals
regnonie curcves lor the aivcraft s
LoenUency-responss curves o the 19 piiot. Uhe metnod 1s

<oplisd only to ciabillzation in rell. The rnethod is expected to be
woelul sg & means of ectabliching the spacifications of the perfoim-
arce reguired of the witomatic control dovice for pilotless alweralt
dezigned 2o missilec.

he stebillity of =uto-
n of calculated freguency-
uenseliy determined

provigion of antomatic stabili-
Aecisred as missileg ias ex*rﬁmely

3sult of tie aigh-frequency ozcll-

?;e °1“c*;?t t “oqu;rﬁ ranid control movenentis

43, chnractorictics which nre filfTicult to cohusin,

“ticularly wh the opacoe ;Va‘lable for the contrel servomotors

ond 1n)ell¢¢ence unit“ ig considercd. In an unpublished saslysis

nede at the Lensler Menorial Aero svtbical Luborstory of the LACA,

+1.3 problem of deteimining the stability of zn ~uvematically controlled

aireralt with log in the conbtrol system wos cnuzlyzed theoretically by

coouming o sirmlified equation for the control notion, tiils equetion

belng obtained Trom the knowledze of the bshevier of tihe tomoztic

pilot. 3Becouse of the irregular rosponsc char-ctoristics ofton fouad

in sutonatic v;1ct , however, the control motion is difficult wo

represont mathorutl CU*AU and, hence,. the simplifisd ecuations of o

conbtrol were found to be inadeguate for the annlysis.

v

o

ity

e oreaent pepner sangests a methed for vredicting the eiabl

S e aivereft brsed on the expeorinental devtermination of the
coarsoterigtics of its azutom:tic milont. The procedure consists
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esgentially In crlelating the 2o Dotion roguredl to maintol
aocontinuovg sinveoldal mobion of it saplitule Tor ne degree of
Treedcon being inspocted. T o * 1o obtained for
2, ranse of frecuencles; i ‘rol motion ~nd
the rutlo of mxpii 12 1otion
rlobted 23 a funcilon of WL rLO e

“Huzll i
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VI oosC l—‘q i;g i
N Lo (q c Lo

Comn L

contool of
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2roinding the
crhicuzar enpli-
voratic »ilot
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cetlon or spocif'
neeuoi foir tue

eirmline, singd
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s ve1001ty
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¢”,Y paximm erplitade of ¢

He control-omplitiads ratio (ratio of control deflection to
airplane displicenent)

A lag in scconds bebwveen simal for conteol and 1ts actunl moticn
1 time, seconds

b re2l nart of root of s+tabiliy equation

T tire Tor oscilliatlion to daip Lo one-half its ~mplitnde, seconds

’t) control moticn £z - 1Twnction of time

T veriod of opcillation, seconds
DETERMINATION CF CCIDITIONS Wor dDUTRAL STABITITY

thc cmﬁaiﬁionﬂ for aentral sitcbility
. Tas cnleulated s angle of the control
mranli +u¢e of control motion to
1oy frequency o8 shown by the
" SR ie 2 plot of the experimental
ratio of the amplitide of control mobticn Lo sutopilot motion againest
ular Trequency. wer three dashad curves are tirec poassible
&7 Dovlmgnifl Thate-or ‘e curves for the automatic pilot. The
1quLSPCLl01 OL tne exnef¢unu111 and celculated control-emplitude
ishes the approximate frequerncy of tae alrplane with tie
autopllot in pera‘icn. If, a3z in the case of the intermediate
cperimentiasl phags-engle curve, the intersection of the exmerimental
and calculsted phase-azngle curves 1s at the same frequency &8 the
intersection of

The wetiod of
“lluetrated in f’_ :
motic: rnd the criculiat

rpicne moticn e
(olid-Line curvad.

8

the control-emplitude-ratio curves, the alrplane may
be neutrally stable and may be oxpected to oscilque continucusly at
this fregquency. It is, however, morc ususl that the intersection of
the experimental and calculated phase-~-angle curves will not be at

the seme Treguency 28 the interseciion of the control-amplitude-ratio
curves. If the phase-sngle curves, as in one case showm, interscct
at o higher freguency than the control-amplitude-ratio curves, tie
alrcraft will be stuble. If, asg in the remaining csse, the iater-
soction of the phuse-angle curves is at a lover frecuency than the
centrol-amplitude-ratio curves, the alrcreft will be 'mstazvle.
Becuuse of the nonlincar cha‘ac*crw tics of the comirel system, 1t

is wenerally neccesary to make the experiments for diffcrint ampT.—
tudes. With 2 dead spot (in”cn°it vity to sm=ll deviations) there
will probebly be some wmplitude below which the system will be unstable.
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Calcul-ted freg: "egonle curves
annlizatlon of the meth s¢ the case of a
craft oy & micsile 1dﬂud9ﬁluﬁu4' ctabtiiized avﬂuﬁ l throe 2xes,
the equation or motion for dotermining the control ?ovement

D

The CQlcwlated stendr-state solud
a sinusoidal. forcing function of
¢=9 sin {wt -+ 9. (Sce refs

_ mex w _ <
and @ =re obtoined over tho desired ronec of an, W
by the suosthut¢on of iw for :

bt R i
= D"+ Cy D
L

This substitution is couivzlont Lo opacifying @1 ndmmed sinusoidsl
motion and resulis in ‘ho cxpression A + 48 “rom wiidch can be

obtained é% ,\’ + BL and 8 = tenTl

angle 6 may
denote either a nhass log or lead, depending vnon 1ts gquadrant.

If @ is in the third or {ourth guadrant, the ¢ 201 lags behind

the displacemcnt, hut if & is in the first or quadrant, the
control leads the motion of the eirplanc. Tho ratio f the amplitudes ©

itude ratio X

and ¢ isﬂém an’d mey e termed the control-
B

of tihe conlrol systerm, thut is, the rutio of m

Lo maximum displacenent in bank. A plot of

shows the combination of control-ammlitude

necesgary to maintuin rized amplitudc ozeil

Tregquency. These rosults

. B

dues to & sinucoidnl motion ol the

mm control deflection
9 against w

ze laz or lead
e r given
uponsc CUYVeSs

e
Aare Toa

-

1

Determination of eguival

enw _gine wgve for antomatic-pilot
response. - The experimental ilaiLou J-response curves are obtained
by oscillating the automatic pilot sinusnid=ily =t various ¢mD11tudes
througn the desired range of froquencies. The counlrol 1s assumed *
ogcillate at the sare Tresquency as the autonatic »ilot but bhecause of
the physical choractlerietics of tne autopilot tre control mobtion may
differ widely from ‘e truec glne wave and may chow arbitrary phase,
amplitide, or wave-form relations (f£is. 2). It is nacesssry, therefore,
to determine an eculvalent sino-wive »ogponse oy &av PYblt"erJ control
motion.
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In order to determine the GqVJfﬂl““T sine wove Tor an arbitrary
control motion, the follcwinz . cbions arve ansoured:

(1) The work done per following the equiva
lint sine wave on an atlcre ¢ displocexent 3in @

)

o ea e - - - Yy ey e A
st hs the gome oo Shat do

chenoe i oangnler

(2) The anmular impales of tho o b ocine wave actings on
control motlicon dvaring

the alrplasne over
monentwl of the alr
the seme interveal.

Tne work done by n nouh~amoric Tovce 3(t) of frequencry © npon
£
to

ooharmonic metion sin wh iz proporticnal

~

et ! { o R

By =7 aln) com ovh At
-+ A B
LA

fu ; . . o S A
here the meriod of thie cccillation is T = 20, and B, iz the ceefl-
ay -
1 ; T the cong (ol YOSV Y “oe reforoucs 2.0 ™ig T -
icieny of the conponent COL L%, (V)UL rererzults o,y 4110 Cort
ponsnt of fle irol noticn  that is ous of Thage witl the cir-
ronle of the lourisr sories representing

crsit motion is ;
the Torcing funcilon q(t ) wilca conbribute

Adreratt. The angular imovlise 1n 2hing the oixve of
contrel defleoction sguinst tins cvew LLis comonent of

t.2 control motion in nlizge with the sinusoidsl molion of the aircraft
obtained rrom the second relation, is

\rL ere !x;‘ ig the ccefficient ol the component sin «¢t. The con-
Artlen of zZero nst impulse over = aoz.ies of cycies L 2y e melt hy

1

od justing the reoference axis for &(t) so that fooa(s) at = 0.
0

The convrol moticn may then ho expressed .2 the zw of the in-p

4
arl oub-of'-phose corponents

o
[} i)
AT+ 3.5 pin (ot + 9)
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1 values of U ere taon the ceritical
tion ia drmped, wheress inctibility occure if
the experimental vaiue of O ezcesds the colculoted critical velue

1 ]
aletlsted valus
than the cexperime
of 6 1is a crit ;a-'
©O hunt. 1f expori

""“e of the lag

M.

R
. EREe;

teated

in bank cf = smell
oy 10-Tcob tunnel

Illustr:
cxperimental




ACA Rl No. TOKL. 7

Solving the eguation for &/ and substituting iv for D give
tiie elpression

= = 0.0007¢wn” - 0.0097ani

Tae resultant velues of K and 8, that ig, the calculated f”bGuODCj-
roiponse curves for the alrcroft. are sghown as solid lines in Jiguve 3.

Thezse curves show thzt for small valuee of X the froguency of the

ctecdy oscillation ig low apd the motion will not Le susteined unless
the vhase log is large. A3 O increasces, the [rejuency of the steady

cascillation incroases bub iz phase lag recuired decrsases. It 1a
importent to note that an (,‘:Ton“ tic niict with o constent tine lagn 1
would be unatyble ot high engular freguencies since the rolation
hetween sngular frequency, PL%Q‘ lag, and time lag is 8 {radians) = wl.

The Tonse curTet were Suwalned by
oscillatiz amiibudes of 109 and 26° tarough

4

the range o7 uep\feﬁ ‘Wtular f:ﬁ,uowciew. Tae whase iesg =nd conbroi-
arplitude ' ‘ udes w2re dotermined from

""\/
similar to figure 2 and are | cted 28 a function of in-flgure 3
for two valves of control aomg 1née ratio K. Tor this periiculcr

sutomatic pilot, th ',ane ravio wzo indemnendent

N

of
arplitude whereas tro mhase lag varied with amplitude. The resulis
in figure 3 indicete that, for ewch control-armiitude ratio, tne

experimental valuces of 8 are greater than the calculated phase lag,
armd hence the aircriait would be unsteble. Unpublished results from
wind-tunrcel tests indicated that tic motion wes unstable, o8 predicted
from the curves of fizure 3.

In an efTort to meake the aireraft sitable, the prremeters of the
antoratic »ilot were modified and 2dditional Wind tirinel tests were
performed. The conditions solected for tnese wind-twwmel tests were,
however, different from those conditions for which the experiment
Trequency-response curves wors obtalined and hence no direct prediction
oi the zircratt stability could be nade. The resulits of the wind-
triinel tegte with the modified autometic pilot indicated a steaéy
ogcl’lintion, znd vccords b kun ol the bvests showed that thoe values
o™ 1L wnd 0 asrecd very closely with the combinstion of K and 0
determined from the calculetod frogrency rosnoasce curves. The circled
test pointg of figurn 4 snow the combination of K and A for *the
cooeg in which steady occillations occurred in the roll tests.

a
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CALCULATED FREQIENCT »

CRANT

TCR DAMPED

IpoONEe curves

rotion of the

“hio, however, to
neovice required

.':Lircz"af" iS nmt 7;‘ A mﬂed.

to caus al suificiently repid
rate. ‘actory probvlem has been
aiven, ve indiceticu *winv to be expected
In 2 glven case 11ay bhe obtained i asured phase and
arrpli tude of the conlrol fo the 1 *: calculated to be

regulred to enforcz o givon rate

Stiictly speaking, the assurmed exnonencicl comping of the motion
woula Tequire esn erponentisl dszcroate in Hic tho 21%0-
pilot st decrezsing =molitudes. In gerercl, . L 'nexa 3
sannot bs eXxprcied cnd lwnos Lhe mouohod will reonire reful judgmers
in its epplicetion.

illustrative case

The eguation of
a winary root v

damped motion in hanl lor
.{

3 Ao -1 -
23 w0 The

mey be written by ~dding n recol vort

ohs (- 4 i) o= -0.26455

where W incd by e decired rate of
K1 - LI Tyt . T e B e Rl K 0(3 -
damirz. The motion darmps to ono-heall iin ampwu;aﬁo in Tl/? 0.093

- S e N . = ey / s R ——
seconds. Solving u.e sguation for O givec *fuc cxpyession

= 0.0002280° - 0.0009251% + 0.00500u + [ -0.000 0.0015%%0u)

=20

The freguercy-recaorse caives ghown in flmire © wore calculsted for
velues of 0 varying from 0.175 to 2.%1. The wtrol-amplitude-
ratic curves ore oniy nlovted for H o oqusl o oo an sl

2re the limi*tin: r26 Tor thie valve ‘
indicates that
whereas tae ol
witn a given ¢
oscillaiion i
is to Ao

s lead

rol-amplitude :HAQ"
dcc:ea“,o £3

rplitude ratlc,
o8 the phase 1“3 iz

less than 1/7.22 UOCO.w,
motion.
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In order to predict quantitatively the stability of the motion
of an aircraflt which dnmps exponentially, the experimental Irequency-
recpoense curves would have o be chiainel for the cenditicon where the
furced cacillaticn of the automatic pilct also damns exponentially.

CONCLUDING REMARKS

A method for predicting tae gtability in roll of automatically
censrolled atrerafi by a comparison of calculated frequency-response
curves for the aircralt and experimenielly determined frequency-
response curves f{ox tie antomatic pilot is nwresented. The wetiod is
expected Lo be ureful as a meann of establisiing tue gpecifications
of tie perforrance reguired of the automatic control device for
pilotless aircraft designed ag missilers.

Lan¢ ley Memorial Asronsutical Laboratory
National Advisory Cormititee for Aersnautics
Langley Field, Va.
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Fig. 2
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Fig. 3
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Fig. 4
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Fig. 5
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